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1
METHODS FOR FABRICATING
INTEGRATED CIRCUITS INCLUDING
FLUORINE INCORPORATION

TECHNICAL FIELD

The technical field relates generally to integrated circuits
and methods for fabricating integrated circuits, and more
particularly relates to integrated circuits and methods for
fabricating integrated circuits using fluorine to passivate an
interlayer of dielectric oxide material and/or a high-K dielec-
tric layer of a FET region.

BACKGROUND

Transistors such as metal oxide semiconductor field effect
transistors (MOSFETs) or simply field effect transistors
(FETs) or MOS transistors are the core building blocks of the
vast majority of semiconductor integrated circuits (ICs). A
FET includes source and drain regions between which a cur-
rent can flow through a channel under the influence of a bias
applied to a gate electrode that overlies the channel. The ICs
are usually formed using both P-channel FETs (PMOS tran-
sistors or PFETs) and N-channel FETs (NMOS transistors or
NFETs) and the IC is then referred to as a complementary
MOS or CMOS circuit. Some semiconductor ICs, such as
high performance microprocessors, can include millions of
FETs. For such ICs, decreasing transistor size and thus
increasing transistor density has traditionally been a high
priority in the semiconductor manufacturing industry. Tran-
sistor performance, however, must be maintained even as the
device size decreases.

In some integrated circuit designs there has been a desire to
eliminate the use of polysilicon gate electrodes to improve
device performance with decreased feature sizes. Replacing
polysilicon gate structures with metal gate stacks is one solu-
tion. A typical metal gate stack includes a metal gate that
overlies a high dielectric constant (high-K) dielectric layer
and an interlayer of a dielectric oxide material that is disposed
between the high-K dielectric layer and a semiconductor
substrate. Unfortunately, the various metal gate stack mate-
rials sometimes face significant difficulties that can result in
threshold voltage V(t) instability and performance degrada-
tion of the devices. These problems are related to the high
amount of bulk defects and interface states (e.g., interface
traps in the bulk of the interlayer or high-K dielectric layer
due to the existence of dangling bonds, e.g., partial or imper-
fect bonds between adjacent atoms resulting in free electrons
around the atoms) in the metal gate stack, leading to negative
bias temperature instability (NBTI) and positive bias tem-
perature instabilities (PBTI) issues.

Accordingly, it is desirable to provide integrated circuits
and methods of forming integrated circuits that reduce the
number of interface and bulk defects in a metal gate stack to
improve, for example, NBTI and PBTI behavior. Further-
more, other desirable features and characteristics of the
present invention will become apparent from the subsequent
detailed description and the appended claims, taken in con-
junction with the accompanying drawings and this back-
ground.

BRIEF SUMMARY

Integrated circuits and methods for fabricating integrated
circuits are provided herein. In accordance with an exemplary
embodiment, a method for fabricating an integrated circuit
includes forming an interlayer of dielectric oxide material in
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a FET region and overlying a semiconductor substrate. A
high-K dielectric layer is deposited overlying the interlayer. F
is incorporated into the interlayer and/or the high-K dielectric
layer.

In accordance with another exemplary embodiment, a
method for fabricating an integrated circuit is provided. The
method includes forming a trench in an ILD layer of dielectric
material in a FET region and overlying a semiconductor sub-
strate. An interlayer of dielectric oxide material is formed in
the trench. A high-K dielectric layer is deposited overlying
the interlayer. The high-K dielectric layer is annealed to form
an annealed high-K dielectric layer. The annealed high-K
dielectric layer is exposed to a NF; plasma treatment process.

In accordance with another exemplary embodiment, an
integrated circuit is provided. The integrated circuit includes
a semiconductor substrate at least partially including a FET
region. An interlayer of dielectric oxide material disposed in
the FET region overlying the semiconductor substrate. A
high-K dielectric layer overlies the interlayer. The interlayer
and/or the high-K dielectric layer have F incorporated
therein.

BRIEF DESCRIPTION OF THE DRAWINGS

The various embodiments will hereinafter be described in
conjunction with the following drawing figures, wherein like
numerals denote like elements, and wherein:

FIGS. 1-4 illustrate, in cross-sectional views, an integrated
circuit and a method for fabricating an integrated circuit
during various intermediate fabrication stages in accordance
with an exemplary embodiment.

DETAILED DESCRIPTION

The following Detailed Description is merely exemplary in
nature and is not intended to limit the various embodiments or
the application and uses thereof. Furthermore, there is no
intention to be bound by any theory presented in the preced-
ing background or the following detailed description.

Various embodiments contemplated herein relate to inte-
grated circuits and methods for fabricating integrated circuits.
During intermediate stages of the fabrication of an integrated
circuit (IC), an interlayer of dielectric oxide material is depos-
ited overlying a semiconductor substrate in a field effect
transistor (FET) region that is at least partially formed in the
semiconductor substrate. In an exemplary embodiment, the
dielectric oxide material is silicon dioxide (Si0O,). A high-K
dielectric layer is deposited overlying the interlayer. The
high-K dielectric layer is annealed. In an exemplary embodi-
ment, the high-K dielectric layer is exposed to a NF; plasma
treatment process either before or after annealing to incorpo-
rate fluorine (F) into the high-K dielectric layer and the under-
lying interlayer. In an exemplary embodiment, the high-K
dielectric layer is formed of hafhium dioxide (HfO,). A metal
gate is formed over the high-K dielectric layer and a low
resistance layer is deposited over the metal gate to form a
metal gate stack. It has been found that by incorporating
fluorine into the interlayer and/or the high-K dielectric layer,
the NBTI and PBTI behavior of the metal gate stack is sig-
nificantly improved. Without being limited by theory, in an
exemplary embodiment, it is believed that the incorporation
of fluorine selectively into the stack replaces at least some of
the partially or imperfectly bonded atoms (e.g., 0 atoms) with
F atoms in the SiO, and/or HfO, material-containing layers,
thereby passivating the dangling bonds (e.g., Si—O or
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Hf—O) to reduce the number of interface and bulk defects
and improve the NBTI and PBTI behavior of the metal gate
stack.

FIGS. 1-4 illustrate methods for fabricating an IC 10 in
accordance with various embodiments. The described pro-
cess steps, procedures, and materials are to be considered
only as exemplary embodiments designed to illustrate to one
of ordinary skill in the art methods for practicing the inven-
tion; the invention is not limited to these exemplary embodi-
ments. Various steps in the manufacture of ICs are well known
and so, in the interest of brevity, many conventional steps will
only be mentioned briefly herein or will be omitted entirely
without providing the well-known process details.

FIG. 1 illustrates, in cross-sectional view, a portion of the
1C 10 during an intermediate fabrication stage in accordance
with an exemplary embodiment. The IC 10 includes a semi-
conductor substrate 12 on which shallow trench isolation
(STI) structures, source/drain regions, source/drain extension
regions, gate dielectric, contacts, spacers, dummy gate pat-
terns, hard mask layers, and other features may be formed. As
used herein, the term “semiconductor substrate” will be used
to encompass semiconductor materials conventionally used
in the semiconductor industry from which to make electrical
devices. Semiconductor materials include monocrystalline
silicon materials, such as the relatively pure or lightly impu-
rity-doped monocrystalline silicon materials typically used in
the semiconductor industry, as well as polycrystalline silicon
materials, and silicon admixed with other elements such as
germanium, carbon, and the like. In an addition, “semicon-
ductor material” encompasses other materials such as rela-
tively pure and impurity-doped germanium, gallium ars-
enide, zinc oxide, glass, and the like. The semiconductor
material is preferably a silicon substrate. The silicon substrate
may be abulk silicon wafer or maybe a thin layer of'silicon on
an insulating layer (commonly known as silicon-on-insulator
or SOI) that, in turn, is supported by a carrier wafer. The
semiconductor substrate 12 includes various doping configu-
rations as are known in the art for defining a field effect
transistor (FET) region 16, which may be a N-channel field
effect transistor (NFET) region or a P-channel field effect
transistor (PFET) region.

As shown, an interlayer dielectric (ILD) layer 18 of dielec-
tric material is formed on the semiconductor substrate 12 by
chemical vapor deposition (CVD), high-density plasma
CVD, spin-on, sputtering, or any other method known to
those skilled in the art. The ILD layer 18 may include silicon
oxide, silicon oxynitride, or other low dielectric constant
material.

In an exemplary embodiment, spacers 20 and 22 are dis-
posed in the ILD layer 18 overlying the semiconductor sub-
strate 12 and cooperatively define a trench 24, which may be
for a NFET device or a PFET device. Typically, the trench 24
may be formed by forming a dummy gate on the semicon-
ductor substrate 12, forming the spacers 20 and 22 on the
dummy gate, depositing and planarizing the ILD layer 18,
and removing the dummy gate in accordance with a conven-
tional replacement metal gate process.

Formed in the trench is an interlayer 28 that overlies the
semiconductor substrate 12. The interlayer 28 is composed of
a dielectric oxide material, such as silicon oxide or silicon
oxynitride. In an exemplary embodiment, the interlayer 28 is
silicon dioxide (Si0O,). The interlayer 28 may be deposited
using any deposition process, such as a CVD process, an
atomic layer deposition (ALD) process, a thermal oxidation
process, or awet chemical oxidation process. In an exemplary
embodiment, the interlayer 28 has a thickness of from about
0.1 to about 3 nm.
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The dielectric oxide material of the interlayer 28 may
include some partially or imperfectly bonded atoms (e.g.,
dangling bonds), such as unsaturated bonds between, for
example, Si and O atoms in the SiO, matrix. In one optional
embodiment, the interlayer 28 may be exposed directly to a
nitrogen trifluoride (NF;) plasma treatment process 30 at this
fabrication stage as illustrated in FIG. 1. The NF; plasma
treatment process 30, which is discussed in further detail
below, produces fluorine ions that penetrate the interlayer 28,
displacing and replacing at least some of the partially or
imperfectly bonded atoms (e.g., O atoms), thereby incorpo-
rating fluorine atoms into the dielectric oxide material to
passivate (e.g., reduce the number of dangling bonds) the
interlayer 28 and form a passivated interlayer 32. In an exem-
plary embodiment, the passivated interlayer 32 has a reduced
number of interface and bulk defects relative to the untreated
interface layer 28.

FIG. 2 illustrates, in cross sectional view, the portion of the
1C 10 at further advanced fabrication stage in accordance with
an exemplary embodiment. Whether or not the interlayer 28
has been previously exposed to the NF; plasma treatment
process 30, the process continues by depositing a high dielec-
tric constant (high-k) dielectric layer 34 overlying the inter-
layer 28 and sidewalls 36 of the spacer 20 by an AL D process,
a CVD process, or the like. In an exemplary embodiment, the
high-K dielectric layer 34 has a thickness of from about 0.1 to
about 3 nm and the high-k dielectric material includes
hafnium oxide, hafnium silicate, zirconium oxide, or hafnium
aluminum oxide. In an exemplary embodiment, the high-K
dielectric layer 34 is formed of hathium dioxide (HfO,).

Next, the high-K dielectric layer 34 is annealed. In an
exemplary embodiment, the high-K dielectric layer 34 is
annealed at a temperature of from about 750 to about 950° C.,
such as from about 850 to about 925° C., for example at about
900° C.

The high-K dielectric layer 34 may include some partially
or imperfectly bonded atoms (e.g., dangling bonds), such as
unsaturated bonds between, for example, Hf and O atoms in
the HfO, matrix. In an exemplary embodiment, the high-K
dielectric layer 34 may be exposed directly to the NF; plasma
treatment process 30 at this fabrication stage as illustrated in
FIG. 2 either before or after annealing. In an exemplary
embodiment, the high-K dielectric layer 34 is exposed
directly to the NF; plasma treatment process 30 after being
annealed. As discussed above, the plasma treatment process
30 produces fluorine ions that penetrate the high-K dielectric
layer 34, displacing and replacing at least some of the par-
tially or imperfectly bonded atoms (e.g., O atoms), thereby
incorporating fluorine atoms into the high-K dielectric mate-
rial to passivate (e.g., reduce the number of dangling bonds)
the high-K dielectric layer 34 and form a passivated high-K
dielectric layer 38. In an exemplary embodiment, the passi-
vated high-K dielectric layer 38 has a reduced number of
interface and bulk defects relative to the untreated high-K
dielectric layer 34.

In an exemplary embodiment, the IC 10 is initially exposed
to the NF; plasma treatment process 30 either before or after
annealing the high-K dielectric layer 34. In this example, the
high-K dielectric layer 34 is exposed to the NF; plasma treat-
ment process 30 at conditions effective to incorporate fluorine
into both the high-K dielectric layer 34 and the underlying
interlayer 28 to form the passivated high-K dielectric layer 38
and the passivated interlayer 32. In an exemplary embodi-
ment, fluorine is present in the passivated high-K dielectric
layer 38 and/or the passivated interlayer 32 at an atomic % of
from about 10 to about 20, such as from about 10 to about 15.
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In an exemplary embodiment, the IC 10 is exposed to the
NF; plasma treatment process 30 at conditions that include a
temperature of from about 20 to about 500° C., such as from
about 20 to about 50° C., for example from about 20 to about
30° C., a pressure of from about 50 millitorr to about 1 torr,
and a duration time of from about 5 to about 180 seconds. In
an exemplary embodiment, the NF, plasma treatment process
30 uses NF, gas diluted an inert gas, such as argon (Ar), at a
NF; to inert gas volumetric gas mix ratio of from about
1:1000 to about 1:1.

FIG. 3 illustrates, in cross sectional view, the portion of the
1C10 at further advanced fabrication stage in accordance with
an exemplary embodiment. Whether or not the interlayer 28
and/or the high-K dielectric layer 34 have been previously
exposed to the NF; plasma treatment process 30, the process
continues by depositing a capping layer 40 of titanium nitride
(TiN) overlying the high-K dielectric layer 34 by an ALD
process or the like. As illustrated, the capping layer 40 may
optionally be exposed to the NF; plasma treatment process
30. In an exemplary embodiment, the IC 10 is initially
exposed to the NF; plasma treatment process 30 by directly
exposing the capping layer 40 to the NF; plasma treatment
process 30. In this example, fluorine ions generated from the
NF; plasma treatment process 30 penetrate and passed
through the capping layer 40 and become incorporated into
the underlying high-K dielectric layer 34 and the interlayer 28
to form the passivated high-K dielectric layer 38 and the
passivated interlayer 32 as discussed above.

The process continues as illustrated in FIG. 4 by replacing
the capping layer 40 (shown in FIG. 3) with a capping layer 42
of TiN or the like using conventional etching (e.g., dry etching
process) and deposition processes. A metal gate 44 is formed
overlying the capping layer 42 using one or more deposition
processes, such as a physical vapor deposition (PVD) pro-
cess, CVD process, an ALD process, or the like. Depending
upon the desired function of the device, the metal gate 44 may
include one or more work function layers, such as a P-type
work function metal layer and/or a N-type work function
metal layer as are known in the art. A low resistance layer 46
of, for example, aluminum (Al) or tungsten (W), is deposited
in a remaining portion of the trench 24 using, for example, a
CVD process or the like. Next, an upper surface 48 of the FET
region 16 is planarized by a chemical mechanical planariza-
tion (CMP) process.

Accordingly, integrated circuits and methods for fabricat-
ing integrated circuits using fluorine to passivate an interlayer
of dielectric oxide material and/or a high-K dielectric layer of
a FET region have been described.

While at least one exemplary embodiment has been pre-
sented in the foregoing detailed description of the disclosure,
it should be appreciated that a vast number of variations exist.
It should also be appreciated that the exemplary embodiment
or exemplary embodiments are only examples, and are not
intended to limit the scope, applicability, or configuration of
the disclosure in any way. Rather, the foregoing detailed
description will provide those skilled in the art with a conve-
nient road map for implementing an exemplary embodiment
of the disclosure. It being understood that various changes
may be made in the function and arrangement of elements
described in an exemplary embodiment without departing
from the scope of the disclosure as set forth in the appended
claims.

What is claimed is:

1. A method for fabricating an integrated circuit compris-
ing:

forming an interlayer of dielectric oxide material ina FET

region and overlying a semiconductor substrate;
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depositing a high-K dielectric layer overlying the inter-

layer; and

incorporating fluorine (F) into the interlayer and/or the

high-K dielectric layer to an atomic % of from about 10
to about 20.

2. The method of claim 1, wherein incorporating F com-
prises incorporating F into the interlayer prior to depositing
the high-K dielectric layer.

3. The method of claim 1, further comprising annealing the
high-K dielectric layer, and wherein incorporating F com-
prises incorporating F into the high-K dielectric layer prior to
annealing the high-K dielectric layer.

4. The method of claim 1, further comprising annealing the
high-K dielectric layer, and wherein incorporating F com-
prises incorporating F into the high-K dielectric layer subse-
quent to annealing the high-K dielectric layer.

5. The method of claim 1, further comprising depositing a
capping layer overlying the high-K dielectric layer.

6. The method of claim 5, wherein incorporating F com-
prises exposing the capping layer to F ions to incorporate F
into the interlayer and/or the high-K dielectric layer.

7. The method of claim 1, wherein incorporating F com-
prises incorporating F into the interlayer and/or the high-K
dielectric layer using a NF; plasma treatment process.

8. The method of claim 7, wherein incorporating F com-
prises treating the interlayer and/or the high-K dielectric layer
with the NF; plasma treatment process at conditions that
include a temperature of from about 20 to about 500° C.

9. The method of claim 7, wherein incorporating F com-
prises treating the interlayer and/or the high-K dielectric layer
with the NF; plasma treatment process at conditions that
include a pressure of from about 50 millitorr to about 1 torr.

10. The method of claim 7, wherein incorporating F com-
prises treating the interlayer and/or the high-K dielectric layer
with the NF; plasma treatment process at conditions that
include a time of from about 5 to about 180 seconds.

11. The method of claim 7, wherein incorporating F com-
prises treating the interlayer and/or the high-K dielectric layer
with the NF; plasma treatment process using NF; diluted an
inert gas.

12. The method of claim 11, wherein incorporating F com-
prises treating with the NF; plasma treatment process using a
NF; to inert gas volumetric gas mix ratio of from about
1:1000 to about 1:1.

13. The method of claim 1, wherein forming the interlayer
comprises forming the interlayer that comprises SiO,.

14. The method of claim 1, wherein depositing the high-K
dielectric layer comprises depositing the high-K dielectric
layer that comprises HfO,.

15. A method for fabricating an integrated circuit compris-
ing:

forming a trench in an IL.D layer of dielectric material in a

FET region and overlying a semiconductor substrate;
forming an interlayer of dielectric oxide material in the
trench;

depositing a high-K dielectric layer overlying the inter-

layer;

annealing the high-K dielectric layer to form an annealed

high-K dielectric layer; and

exposing the annealed high-K dielectric layer to a NF,

plasma treatment process to incorporate fluorine (F) into
the interlayer and/or the high-K dielectric layer to an
atomic % of from about 10 to about 20.

16. The method of claim 15, wherein exposing comprises

exposing the annealed high-K dielectric layer to the NF,
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plasma treatment process at conditions effective to incorpo-
rate fluorine (F) into and passivate both the interlayer and the
high-K dielectric layer.

17. The method of claim 15, wherein exposing comprises
exposing the annealed high-K dielectric layer to the NF; 5
plasma treatment process to form a passivated high-K dielec-
tric layer, and wherein the method further comprises forming
a metal gate overlying the passivated high-K dielectric layer.

18. The method of claim 17, further comprising forming a
low resistance layer overlying the metal gate. 10
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